Between 2006 and 2011, the Advanced Land Observing Satellite (ALOS) Phased Array L-type Synthetic Aperture Radar (PALSAR) instrument acquired multi-temporal datasets under several environmental conditions and multiple configurations of look angle and polarization. The extensive archive of SAR backscatter observations over the forest test sites of Krycklan (boreal) and Remningstorp (hemi-boreal), Sweden, was used to assess the retrieval of stem volume at stand level. The retrieval was based on the inversion of a simple Water Cloud Model with gaps; single estimates of stem volume are then combined to obtain the final multi-temporal estimate. The model matched the relationship between the SAR backscatter and the stem volume under all configurations. The retrieval relative Root Mean Square Error (RMSE) differed depending upon environmental conditions, polarization and look angle. Stem volume was best retrieved in Krycklan using only HV-polarized data acquired under unfrozen conditions with a look angle of 34.3° (relative RMSE: 44.0%). In Remningstorp, the smallest error was obtained using only HH-polarized data acquired under predominantly frozen conditions with a look angle of 34.3° (relative RMSE: 35.1%). The relative RMSE was below 30% for stands >20 ha, suggesting high accuracy of ALOS PALSAR estimates of stem volumes aggregated at moderate resolution. OPEN ACCESS Remote Sens. 2015, 7 4291
Introduction
Throughout its lifetime (2006) (2007) (2008) (2009) (2010) (2011) , the Phased Array L-type Synthetic Aperture Radar (PALSAR) instrument onboard the Advanced Land Observing Satellite (ALOS) acquired multiple images in several operating modes according to a predefined observation scenario [1] . Given the repeatedly acknowledged sensitivity of L-band data to forest variables in particular in the cross-polarized backscatter [2] [3] [4] and under unfrozen conditions [5, 6] , the image acquisition of ALOS PALSAR were tailored to provide repeated dual-polarized (Horizontal-Horizontal, HH, and Horizontal-Vertical, HV) data in the Fine Beam Dual (FBD) mode during the summer and fall of each year. In addition, HH-polarized images were acquired during the winter season in Fine Beam Single (FBS) mode. During each spring and late fall, a single dataset was acquired in the polarimetric (PLR) mode to obtain a full scattering matrix. These modes acquired images with a resolution of approximately 20-30 m and were operated along ascending orbits, i.e., at nighttime. Along descending orbits during daytime, PALSAR operated in the Wide Beam (WB) mode with a spatial resolution of approximately 70 m, to allow sharing of resources with two optical instruments [1] . The acquisition strategy was refined towards the end of 2006 by changing the look angle of the Fine Beam mode from 41.5° to 34.3° to reduce range ambiguities [1] . For the PLR mode, images were acquired with a look angle of 21.5°: since 2009, images were also acquired at 23.1°. In the remainder of this paper, we will refer to a specific acquisition configuration in terms of mode and integer of the look angle (e.g., FBD34 stands for Fine Beam Dual mode with a look angle of 34.3°).
Over Sweden, the amount of ALOS PALSAR observations from different acquisition modes is superior to most areas of the globe thanks to the involvement in the calibration and validation phase of the sensor [7] and in JAXA's Kyoto & Carbon Initiative [8] aimed at demonstrating the capability of ALOS data to support environmental conventions [1] . The advantage of multi-temporal observations with respect to single observation relies either in the possibility to reduce speckle noise, thus reducing the error component in the estimation of forest variables from a single average image [9] or to reduce the error in single-image estimates with a combination of these [10, 11] . The latter approach is in our understanding more powerful because the prediction capability of each observation is kept in the multi-temporal combination. Using ALOS PALSAR observations (FBD mode only), the retrieval of forest above-ground biomass improved by approximately 20% in terms of Root Mean Squared Difference (RMSD) with respect to the best single-image retrieval [12] . This confirmed previous results obtained for L-band HH-polarized backscatter [5, 13] , C-band repeat-pass interferometric SAR coherence and backscatter [10] and C-band Envisat Advanced SAR (ASAR) backscatter [14] , all in boreal forest. Yet, the multi-temporal aspect of ALOS PALSAR data was only partially exploited in studies dealing with the retrieval of forest variables. Either a single image (e.g., a mosaic product) was used to derive an estimate of above-ground biomass [15] [16] [17] or retrieval from multiple images (multi-temporal, multi-polarization) was undertaken with regression and results compared [18] [19] [20] [21] . Multiple regression or machine learning approaches combining SAR input datasets have been reported as highly promising to estimate forest variables [22, 23] . To the best of our knowledge, an approach involving an inversion of a forest backscatter model to estimate stem volume from multiple ALOS PALSAR images through combining the single-image estimates has not been pursued yet.
This study set out to exploit the extensive ALOS PALSAR dataset acquired over Sweden in order to provide a comprehensive review of the stem volume retrieval achieved with multi-temporal observations of the SAR backscatter from several acquisition modes of the PALSAR instrument. Given the simple relationship between stem volume and above-ground biomass in boreal forest expressed by means of a biomass conversion and expansion factor of approximately 0.5 [24] , the terms stem volume and above-ground biomass are here interchanged. With respect to [12] , we address the benefits of multi-temporal observations for other modes besides FBD, having available a larger number of observations as well. Another objective was to assess a Water Cloud-based modeling approach to retrieve stem volume in view of an operational retrieval scheme such as used for hyper-temporal C-band backscatter data [14] .
This study was undertaken at the boreal forest test site of Krycklan and the hemi-boreal forest test site of Remningstorp. Both test sites have been used in several studies to relate airborne and spaceborne remote sensing SAR backscatter and interferometric data to forest variables (see [25] for a recent overview). At Krycklan, a model-based retrieval from P-band airborne backscatter data resulted in a Root Mean Square Error (RMSE) relative to the in situ mean value of stem volume of 28%-42% [26] . Using linear regression and several polarimetric indicators, RMSE of 17%-25% was obtained from L-band airborne data (supported by polarimetric interferometric data) [27] . The same approach applied to P-band data returned an error between 5% and 27%. The errors further decreased when using non-parametric methods; nonetheless, the error span was also larger [27] . At Remningstorp, retrieval of above-ground biomass based on single images of the SAR backscatter was evaluated with backscatter from low frequency data (L-, P-and VHF-band), repeat-pass interferometric C-band coherence, and single-pass interferometric X-band data. The RMSE decreased for decreasing frequency, being between 31% and 46% at L-band [28] , between 18% and 27% at P-band [28] and below 25% at VHF-band [29] using SAR backscatter data. With repeat-pass interferometric C-band coherence, an RMSE of 27% was obtained [30] . Single-pass interferometric X-band data yielded a relative RMSE of 23% (average over RMSEs from 18 image pairs); a multi-temporal combination of single-image estimates improved the retrieval error to 16% [25] . Multi-temporal retrieval of stem volume using L-band backscatter in Swedish boreal forest was investigated at the test site of Kä ttböle with nine backscatter images acquired by JERS-1 in 1997-1998 in single polarization (HH) and with a fixed look angle of 34.3° [5] . The retrieval was most accurate under unfrozen conditions, did not present systematic errors due to backscatter saturation in high stem volume forest and the RMSE was 25%.
Test Sites
The Remningstorp test site ( Figure 1) is located in the south of Sweden (58°30′N, 13°40′E). The topography is fairly flat with a ground elevation between 120 m and 145 m above sea level. The test site covers about 1200 ha of productive forest land managed by Skogssä llskapet and owned by the Hildur and Sven Wingquist's Foundation for Forest Research. Prevailing tree species are Norway spruce (Picea abies), Scots pine (Pinus sylvestris) and birch (Betula spp.). The forest is divided into stands mostly smaller than 10 ha with a range of stem volume conditions up to a maximum value of about 600 m 3 /ha at stand level. The forest stands are even-aged and consist mainly of coniferous species (i.e., either spruce or pine, or mixed), where only a few stands are dominated by deciduous species (i.e., birch). The Krycklan test site ( Figure 1 ) is located in the north of Sweden (64°14′N, 19°50′E) and is a watershed managed and owned by both Swedish forest companies and private owners. Topography is hilly with several gorges and the ground elevation ranges between 125 m and 350 m above sea level. The forest land covers about 6800 ha of mainly coniferous forests. The prevailing tree species are Norway spruce and Scots pine, but some deciduous tree species, e.g., birch (Betula pubescens), are also present. The forest is divided into stands of different sizes, occasionally being larger than 50 ha. Stem volume conditions range up to a maximum value of about 400 m 3 /ha. The forest stands are even-aged and consist mainly of either spruce or pine, or mixed species. In situ data consisted of digital stand boundary maps in vector format and stand-wise measurements of stem volume derived from forest field inventory data.
For Remningstorp, 340 subjectively inventoried stands were stratified into 100 m 3 /ha range up to 700 m 3 /ha. Altogether, 56 forest stands were randomly selected for field inventory, ensuring representation of the entire stem volume range. Nonetheless, only for a few stands the stem volume was smaller than 150 m 3 /ha; most stands included forest with a stem volume above 200 m 3 /ha (Table 1 and Figure 2 ). Stand size was on average 3 ha, the largest stand being 11 ha large (Table 1) . Topography was flat with local slope angle being less than 2°. The inventory was undertaken in 2004 and was done according to prescriptions in the forest management planning package (FMPP) developed by the Swedish University of Agricultural Sciences [31] . The FMPP includes an objective and unbiased method for estimation of forest variables such as stem volume, tree height, and tree species composition at stand level from measurements of individual trees. Given the high yearly growth rate of stem volume in the region (7.5 m 3 /ha/year [32] ), the stem volumes were updated each year with stand-wise yearly growth factors available with the forest field inventory data. Stands where forest was felled at some time between 2006 and 2010 [33, 34] were excluded from the analysis of images acquired after the felling.
For Krycklan, stem volume was available for 1131 forest stands; inventory was undertaken during 2007 and 2008 with the same approach as for Remningstorp. Stem volumes were mostly below 300 m 3 /ha; forest stands included all growth stages ranging from young regrowth to mature forest ( Table 1 and Figure 2 ). Forest stands were on average larger than in Remningstorp (Table 1) ; several stands covered an area larger than 10 ha. No major felling activity was reported to have occurred during the period of image acquisition. The average slope angle at stand level was between 0° and 20°; for approximately 90% of the stands, the slope angle was smaller than 10°. 
ALOS PALSAR Dataset
The ALOS PALSAR dataset available for this study is summarized in Table 2 with respect to operating acquisition modes and in Table 3 with respect to polarization/look angle. During 2006, PALSAR datasets were acquired in Fine Beam mode using several look angle configurations, primarily at 41.5° ( Table 2 ). After the optimization of the look angle with respect to image quality, the Fine Beam mode was operated since 2007 with a look angle of 34.3°. The large number of FBS34 and FBD34 datasets is explained by the repeated observations (at least two in FBS and three in FBD per year) over Sweden ( Table 2) . PLR images were acquired throughout the ALOS mission in spring and late fall with a look angle of 21.5°, except during the fall of 2009 when also the 23.1° look angle was used ( Table 2) . The largest multi-temporal datasets were acquired with a look angle of 34.3°, primarily at HH-polarization (Table 3) . Repeated acquisitions were also available in PLR mode with a look angle of 21.5° and at HH-polarization with a look angle of 41.5° (Table 3) . Unfortunately, five of the six acquisitions in PLR21 mode over Krycklan covered the test site only partially and were therefore discarded, thus not allowing any multi-temporal analysis in such mode. For both test sites, we also had available a multi-temporal dataset of images acquired in WB mode. However, these were here not considered because of the moderate resolution (approximately 70 m) and the small size of the forest stands (Table 1) , which caused the stand-wise averages of the backscatter to be affected by significant residual speckle noise.
Part of this dataset was already utilized to analyze the signature of the PALSAR backscatter as a function of look angle, polarization and environmental conditions [35] . It is here extended with images acquired after April 2008 until January 2011, shortly before the end of data acquisition in March 2011 and the end of the ALOS mission in May 2011. The additional acquisitions increased the multi-temporal dataset in the modes FBS34, FBD34 and PLR, whereby no additional datasets with a look angle of 21.5° (FBS mode), 41.5° or 50.8° were acquired.
Environmental Conditions at Image Acquisition
The weather data consisted of daily observations of temperature (min/max), total precipitation and snow depth from meteorological stations nearby each test site and reported in the Global Historical Climatology Network (GHCN) database by the National Climatic Data Center (NCDC), National Oceanic and Atmospheric Administration (NOAA). Since L-band backscatter data in Swedish boreal forest were found to be mostly sensitive to seasonal conditions (e.g., frozen or unfrozen conditions), we have grouped images according to the major environmental condition at the time of image acquisition (frozen, unfrozen and freeze or thaw transition) ( Table 4 ). For simplicity, we did not add information here about whether the images were acquired under dry or wet conditions; adequate reference is, however, given when presenting the results of this study (Section 5). Most images over Remningstorp were acquired under unfrozen conditions. At Krycklan, the majority of the observations were acquired under frozen conditions because of the colder climate compared to Remningstorp. As a result of the PALSAR observation scenario timing the FBS mode during the winter season and the FBD mode between spring and fall, no dual-polarized images were acquired under frozen conditions. The only cross-polarized dataset acquired under frozen conditions belonged to a PLR21 dataset. At both test sites, several images were acquired during transitions periods related to freeze and thaw conditions. The few datasets acquired with a look angle of 41.5° and 50.8° were all acquired under unfrozen conditions, except for one HH-polarized image over Krycklan. 
Processing of the PALSAR Images
PALSAR images were processed as described in [35] from Single Look Complex (SLC) Level 1.1 format to form a stack of calibrated, terrain geocoded and topography-compensated images of the SAR backscatter. At first, all SAR images for a given acquisition mode (e.g., FBD34) were co-registered with respect to a master image using a cross-correlation algorithm [36] . Each SLC was then calibrated with factors published in [37] and multi-looked (i.e., spatially averaged) using mode-specific factors aiming at achieving roughly squared pixels of approximately 20 m × 20 m in range and azimuth. The SAR backscatter images were finally geocoded using a Digital Elevation Model (DEM) from the Swedish National Land Survey (Lantmä teriet) with 50 m posting and orbital information provided by JAXA along with the image data. To maintain the high resolution of the PALSAR data (20 m), the DEM was resampled to this pixel size with a bilinear interpolation. Terrain geocoding was based upon a geocoding lookup table that described the link between pixels in the radar (input) and map (output) geometry [36] . Taking into account that SAR images for a given mode had been co-registered, just one lookup table per mode was required. Imperfect orbital information implies geocoding offsets with respect to the true output geometry. To compensate for such offsets, each lookup table was refined by estimating these with a cross-correlation algorithm between the mode-specific master SAR image and a SAR image simulated from the DEM, representing the output map geometry [36] . The geocoding accuracy following the refinement of the lookup table was below 1/3rd of the pixel size, i.e., less than 10 m in northing and easting. The geocoded SAR backscatter images were finally compensated for distortions of the backscatter due to sloped terrain by correcting for the effective pixel area (in radar geometry) and the local incidence angle [35] . The backscatter component due to object-specific scattering mechanisms and terrain slope [38] was not accounted for because it required additional information, which was not available for this study.
Working at stand level implied computing the average SAR backscatter and the standard deviation for each stand. We also computed the average and the standard deviation of the local incidence angle derived from the DEM for each stand in Krycklan. Here the local incidence angle spanned an interval of approximately 15°. The correlation coefficient between local incidence angle and backscatter for stands with similar stem volume (±5 m 3 /ha) was always below 0.3, justifying why we did not consider the local incidence angle as additional explanatory variable in our investigation. The availability of a DEM with a pixel size of 50 m, i.e., well above the spatial resolution of the PALSAR data, was, however, sub-optimal to conclude on the real effect of local incidence angle on the investigations. This analysis was not necessary at Remningstorp because of the predominantly flat terrain.
Stem Volume Retrieval Methodology
To retrieve stem volume from the ALOS PALSAR backscatter data, we used a model-based approach exploiting a Water Cloud Model with gaps [5, 39] . The individual estimates of stem volume obtained from each SAR backscatter image by inverting the trained model were then combined with a linear weighted function, referred to as multi-temporal combination [5] . The modeling and retrieval approach was presented and discussed extensively for L-band in previous research papers [5, 12, 39 ]. An assessment of the performance of this approach to retrieve forest variables from L-band backscatter was recently presented with respect to other existing parametric and non-parametric approaches [40] did not show significant shortcomings of the Water Cloud Model with gaps.
The Water Cloud Model with gaps assumes that the forest backscatter consists of a component coming from the canopy and a component originating at the ground surface reaching the sensor either through the canopy gaps or, attenuated, through the canopy. Double-bounce and multiple interactions are not considered because in managed boreal forest these terms were found in previous studies to be negligible with respect to direct scattering (see [5] and therein cited references). Polarimetric decomposition of the PLR data [41] confirmed that the total forest backscatter could be explained as a contribution of a surface and a volume component. In a more general context, a double-bounce term should not be discarded a priori [42, 43] .
The original forest backscatter model expressed the total forest backscatter as a function of a parameter of canopy closure from a microwave perspective, named area-fill factor. In [10] , it was shown that an equivalent expression could be obtained by replacing the area-fill factor and the related tree attenuation with stem volume and a factor expressing the two-way transmissivity of a forest. Equation (1) shows the semi-empirical model:
In Equation (1), the forest backscatter, σ°for, is related to stem volume, V, in terms of a ground component and a vegetation component where σ°gr and σ°veg express the backscattering coefficient of the ground and the vegetation, respectively. Both coefficients are unknown a priori and need to be estimated to allow an inversion of the model to retrieve stem volume. Each term is weighted by the fraction of ground seen through gaps and foliage (attenuated) expressed in the form of a two-way forest transmissivity e −βV . The coefficient β is empirical [10, 44] and depends on forest structure and dielectric properties of the canopy. Nevertheless, realistic values at L-band were found to be between 0.003 and 0.007 [5] . A reasonable approximation in boreal and temperate forest for unfrozen conditions was found to be β equal to 0.008, when relating the two-way forest transmissivity to aboveground biomass [12] , which scales to 0.004 when using stem volume.
In this study, every second stand sorted for increasing stem volume was included in a training set; the rest of the stands formed the test set. Herewith, we tried to ensure that the training and the test set would represent the same range of stem volumes. Estimates of σ°gr, σ°veg and β were obtained by least squares regression using the measurements of the SAR backscatter and stem volume for the stands in the training set. Model training was also performed assuming a constant β set a priori equal to 0.006. Results will be compared in Section 5.
Given a measurement of the forest backscatter, σ°for,meas, and the corresponding estimates of the model parameters σ°gr, σ°veg and β for the given SAR image, the inversion of the model in Equation (1) is straightforward and allows the estimation of the stem volume, Vest (Equation (2) 
Assuming that N measurements of the SAR backscatter are available for a given forest stand, the corresponding estimates of stem volume, Vest,i, can be combined to obtain a new estimate referred to as multi-temporal stem volume, Vmt (Equation (3)), using weights, wi, which are here assumed to correspond to the difference of the backscattering coefficients for vegetation and ground, i.e., σ°veg,i -σ°gr,i. The coefficient wmax was equal to the largest of the differences. 
The accuracy of the retrieval was quantified with (i) the RMSE with respect to the in situ stem volume in the test set; (ii) the relative RMSE equal to the RMSE divided by the average stem volume derived from the in situ data forming the test set; (iii) the coefficient of determination R 2 and (iv) the bias equal to the difference between the average retrieved and in situ stem volume.
Results

Relationship between SAR Backscatter and Stem Volume
The SAR backscatter increased for increasing stem volume, with a rapid ascent for low stem volumes (<100 m 3 /ha or less) followed by a significant decrease of sensitivity. The relationship between the SAR backscatter and stem volume depended upon environmental conditions and polarization (see examples in Figure 3 ), as well as on look angle. At Krycklan, we observed strongest sensitivity of the backscatter to stem volume under unfrozen conditions and at HV-polarization ( Figure 3a and Table 5 ). The backscatter increased rapidly for increasing stem volume; the sensitivity of the backscatter to stem volume became extremely weak in the densest forests. Observations taken during winter-time (frozen conditions or freeze/thaw events) were much less correlated with stem volume than under unfrozen conditions (Figure 3a,b and Table 5 ). At Remningstorp, we observed a slightly different trend, with SAR backscatter from data acquired under frozen conditions being better correlated with stem volume than in case of data acquired under unfrozen conditions (Figure 3c,d and Table 5 ).
An almost linear trend between SAR backscatter and stem volume was observed in several cases when images were acquired under frozen conditions. There did not seem to be any apparent difference between statistics for images acquired under unfrozen moist (i.e., <2 mm of recorded precipitation) and unfrozen wet (i.e., >2 mm of recorded precipitation) condition. Overall, the observations at the two test sites and the temporal consistency for a given environmental condition agreed with trends of the SAR backscatter at L-band with respect to stem volume and above-ground biomass in boreal as well as in other forest environments [5, 6, [15] [16] [17] [18] [19] [20] 22, 23, 28, 39, 45, 46] . At both test sites, the spread of the SAR backscatter for a given stem volume was considerable, thus confirming that L-band backscatter captures only part of the information on structural properties of a forest and the signal recorded by the radar contains additional contributions [28] . Table 5 ). Look angle: 34.3°.
Forest Backscatter Modeling
To illustrate the performance of the modeling approach with respect to the measurements of SAR backscatter and stem volume, we focus on the Krycklan test site because of the availability of stem volumes throughout all growth stages. The lack of stands with low stem volumes in Remningstorp hindered the assessment of the performance of the backscatter model in Equation (1) (as in [5] ). Figure  4 shows one example of modeled and measured backscatter with respect to stem volume for each type of PALSAR dataset available at Krycklan. Taking into account previous investigation where it was shown that the backscatter is highly consistent over time for a given polarization, look angle and environmental condition [35] , the examples in Figure 4 can be considered general enough to represent the behavior of the backscatter for all images available in this study. The modeled backscatter followed well the trend in the measurements (Figure 4) . The strongest sensitivity of the backscatter to stem volume was found for look angles of 34.3° and 41.5° under unfrozen conditions with an increase of approximately 3 dB at HH-polarization and 4 dB at HV-polarization. Under frozen conditions, the HH-polarized backscatter increased by only 1 dB. For the 21.5° look angle, the co-polarized backscatter increased by less than 2 dB with an almost linear trend both in the FBS mode (left panel in Figure 4 ) and in the PLR mode (right panel in Figure 4 ). The HV-backscatter of the PLR mode increased by slightly less than 3 dB, thus less than the observations at shallower look angles. The modeled backscatter in Figure 4 was obtained by considering three unknowns in Equation (1) and showed a large range of slopes, i.e., a wide range of the values estimated for the parameter β. To get further understanding on the behavior of the coefficient β, we looked at the statistical distribution of the estimates of β with respect to environmental conditions and look angle, which was possible only for HH-polarized data. Polarization did not seem to have an effect on the estimates of the coefficient β.
To understand the dependency of β upon environmental conditions, we selected the largest dataset for a given look angle and polarization, covering all seasons (34.3° look angle and HH-polarization). The estimates of β were more consistent under unfrozen conditions than under frozen conditions or during periods of freeze/thaw transitions ( Figure 5 ). Under unfrozen conditions, the estimates of the coefficient β were mostly between 0.005 and 0.009 ( Figure 5 ), being in line with a previous investigation in Swedish boreal forest using JERS-1 data [5] . The estimates did not show any significant difference between dry, moist and wet environmental conditions except for one observation acquired when 12 mm of precipitation were recorded during the day. On such date, the backscatter did not show any sensitivity to the stem volume and the model curve flattened after a rapid increase for the lowest stem volumes. As a consequence, the estimate of β should not be interpreted as having a physical meaning. The same explanation applies to the observations for the case with the highest overall β estimate (0.0189), in correspondence with an acquisition under thawing conditions (temperature around the freezing point, diminishing snow cover, and precipitation). The environmental conditions affected the relationship between backscatter and stem volume to such extent that they masked out the true dependency between the two variables. Frozen conditions were characterized by the largest range of β estimates. From the weather records we could not infer dependencies between the estimates of β and weather parameters (e.g., temperature, snow depth, precipitation). We interpret the results as a consequence of the limited sensitivity of the backscatter to stem volume under frozen conditions; given the non-negligible spread of the backscatter measurements with respect to stem volume, the confidence interval of the β estimate was rather large. Figure 5 . Estimates of the model parameter β at Krycklan with respect to environmental conditions for PALSAR data acquired with 34.3° look angle and HH-polarization. "Unfr." refers to unfrozen conditions. Frozen conditions refer to images acquired under dry conditions as well as cases with snow fall. If precipitation was recorded at <2 mm, the unfrozen conditions were moist; otherwise, the conditions were wet.
The dependency of the estimates of β upon the look angle was limited ( Figure 6 ). There did not seem to be any relevant difference between estimates corresponding to look angles of 34.3° and 41.5°. For both look angles, the histogram had a peak between 0.006 and 0.007. For the very few acquisitions at 21.5°, the estimates were somewhat lower (<0.004), which agrees with the understanding that at steeper look angles the forest transmissivity is higher because of larger gaps and less vegetation along the path travelled by the microwaves.
Based on the outcome of these analyses, we compared the modeled backscatter assuming β unknown a priori (i.e., model with three unknowns) and for a predefined β value (i.e., model with two unknowns). In the latter case, β was set equal to 0.006, which was considered the most reasonable value over all acquisition geometries, polarizations and environmental conditions. Figure 7 shows the modeled backscatter assuming two and three unknowns in Equation (1) for three extreme β values. The black curves correspond to the dataset for which the highest estimate of β was obtained (see Figure 7) . The red and blue curves correspond to the acquisition with the highest and lowest β estimate for dry conditions, respectively; both images were acquired under frozen conditions. The modeled backscatter for such extreme cases differed only for the lowest (below 50 m 3 /ha) and highest (above 250 m 3 /ha) stem volumes. However, except for the dataset acquired under thawing conditions, the difference between the model realizations based on three and two unknowns is minimal, suggesting that a retrieval based on modeling solution where the β coefficient is set a priori equal to a constant would perform equally well as compared to a more rigorous approach where β is unknown. 
Retrieval of Stem Volume
To verify that the retrieval of stem volume based on a model containing only two unknowns would perform similarly to the case of three unknowns, the RMSEs for each image acquired over Krycklan were compared (Figure 8 ). The scatter plot shows that the error was lower when using β = 0.006 in most cases. Only for some images acquired under frozen conditions, the model training with three unknowns performed better. Nonetheless, these images were characterized by low correlation, a consequence of the weak sensitivity of the backscatter to stem volume. At Remningstorp, the model training with a constant β = 0.006 performed in general worse than when assumed unknown a priori (Figure 9 ). This is a consequence of the distribution of stem volumes in the dataset available to this study. The dataset included mostly mature forest being characterized by weaker sensitivity of the backscatter to stem volume than at low stem volumes (Figure 3 ). The lack of stands with low stem volumes caused the estimate of the ground backscatter in the model training with two unknowns to be more imprecise and the modeled backscatter only partially fitted the observations. This effect was most prominent in images showing the highest correlation between stem volume and backscatter. It was indeed negligible for all other images where the stem volume and the backscatter were almost uncorrelated. The evaluation of the retrieval is done at both test sites based on the model with two unknowns and constant β = 0.006. The RMSE for single images differed depending on polarization and environmental conditions. We evaluate the error at Krycklan in Figure 10 and Table 6 ; the RMSE was smaller for HV-than for HH-polarized data for similar environmental conditions. For a given polarization, slightly lower errors were obtained under unfrozen dry conditions compared to unfrozen wet and thaw conditions; much larger errors were obtained for frozen conditions (HH-polarization only) because of the much weaker sensitivity of the backscatter to stem volume (Figures 3 and 4) . At Remningstorp, the retrieval error was smallest under frozen conditions, at HH-polarization (see in Table 6 , column of "Single-Image" retrieval for 34.3°, HH and FBS). Under unfrozen conditions, the retrieval performed poorly because of the frequent wet and moist ground conditions, which almost entirely suppressed the sensitivity of the backscatter to stem volume and caused large variability of the backscatter for similar stem volume.
The extensive dataset of PALSAR images acquired under different look angles, polarizations and environmental conditions allowed different groupings to assess the role of each on the multi-temporal combination of stem volume estimates. All retrieval statistics from the multi-temporal combination are reported in Table 6 ; results are grouped according to look angle and then for different combinations of polarizations. To appreciate the performance of the multi-temporal combination, the best and the worst relative RMSE for the retrieval based on a single image are also included in Table 6 . Yearly retrievals have been considered to allow the multi-temporal dataset to include a fairly large number of stem volume estimates per stand while avoiding that growth and/or disturbances would distort the values of the in situ stem volumes used as reference. The retrieval error was never below 35%, being mostly between 40% and 70% and occasionally even in the 90% range. With respect to single-image retrieval, the stem volume estimates from the multi-temporal combination were closer to the in situ stem volumes. Table 6 shows substantial differences between the two test sites. At Krycklan, the agreement between the retrieved stem volumes with the multi-temporal combination and the in situ stem volumes was strongest for the 34.3°, HV-polarized dataset (only unfrozen conditions). The smallest relative RMSE was 44.0% from data acquired during 2008 (Table 6 ). Figure 11 shows that the estimated stem volume agreed well with the in situ data; nonetheless, the scatter plot did not match the 1:1 line indicating some deficiencies in either the modeling approach or the model training. The loose agreement between retrieved and in situ stem volumes is then attributed to the large scatter of the SAR backscatter for a given stem volume (see Figure 3 ). At Remningstorp, the best agreement between retrieved and in situ stem volumes was obtained with the 34.3°, HH-polarized dataset; the contribution of stem volumes estimated from winter-time data was predominant. The smallest relative RMSE was 35.1% from data acquired during 2009 ( Table 6) . As in Krycklan, the levels of retrieved and in situ stem volumes agreed well; nonetheless, the scatter between the two datasets was large ( Figure 12 ). Remarkably, stem volume could be retrieved for the entire range of values represented at each test site (Figures 11 and 12 ). At both test sites, the multi-temporal combination of estimates from the two polarizations of the Fine Beam modes did not perform better compared to using the best result obtained with a single polarization (i.e., HV for Krycklan and HH for Remningstorp) ( Table 6 ). At Remningstorp, in some cases the multi-temporal retrieval using all observations performed worse compared to the best single-image retrieval or to a combination based on the couple of images characterized by the lowest RMSEs (Table 6 ). The multi-temporal combination performed similarly across the different years, except when the RMSE was high for each of the images being combined ( Table 6 ). In such cases, the retrieval statistics presented fluctuations, which are however of minor importance given that the retrieval performed poorly. The multi-temporal retrieval did not seem to be affected by the look angle nor could we notice an advantage of using full polarimetric data with respect to single-or dual-polarized data ( Table 6 ). In PLR mode, the best retrieval (in a multi-temporal sense) was obtained with HV-polarized data only (Table 6) ; the contribution of stem volume estimates from other polarizations to the multi-temporal retrieval using all polarizations was minimal.
The retrieval error was finally investigated with respect to stand size. This investigation was possible at Krycklan only, because of the large range of stand sizes and number of stands ( Table 1) . The relative RMSE for the multi-temporal combinations of stem volumes estimated from the 34.3°, HH-and HV-polarized datasets decreased for increasing minimum stand size (Figure 13 ), thus confirming results in the Northeast U.S. [12] . For the retrieval based only on HV-polarized backscatter, the relative RMSE was below 30% for a minimum stand size of approximately 20 ha. The lack of a number of forest stands larger than 20 ha sufficient to compute a reliable value of the relative RMSE did not allow clarifying whether the retrieval error would further improve or reach saturation as in the case of HH-polarized data where the relative RMSE was consistently between 37% and 42% for stands with a minimum size between 10 ha and 20 ha. 
Discussion
The extensive dataset of ALOS PALSAR images acquired over the two Swedish test sites of Krycklan (boreal forest, in the north) and Remningstorp (hemi-boreal forest, in the south) allowed a deep understanding of the relationship between stem volume and L-band backscatter observations and, in turn, on the possibility to retrieve stem volume. Taking into account that the stem volume estimates based on field measurements were updated each year with a term related to the growth factor (Section 2), we attempted to minimize the error introduced by a time lag between the acquisition of the PALSAR data and the in situ stem volume. The sensitivity of the SAR backscatter with respect to stem volume differed depending primarily on polarization and environmental conditions ( Figure 3 and Table 5 ). Under unfrozen conditions, the L-band backscatter contrast between low and high stem volumes is affected by the forest structure and an external contribution due to soil moisture (and roughness to a certain extent). Wet conditions increase the backscatter in forest with low stem volumes while dense forests are less affected, resulting in a smaller backscatter contrast compared to unfrozen dry conditions. The effect of wet conditions is then stronger in co-polarized data than in cross-polarized data because of the surface scattering, which is negligible in the latter. For images acquired under frozen conditions, the increased transmissivity of the L-band signal through the canopy cause an increase of the ground backscatter and a decrease of the canopy backscatter resulting in an overall weaker sensitivity of the forest backscatter to stem volume. At Krycklan, the retrieval performed best under dry and unfrozen conditions, whereas frozen conditions were characterized by the largest errors ( Figure 10 ). At Remningstorp, the frequently wet conditions under unfrozen conditions implied weak sensitivity of the backscatter to stem volume and caused the retrieval to perform poorly, regardless of the polarization. As a consequence, the frozen conditions, which implied dry terrain conditions, were characterized by the highest correlation coefficients (Table 5 ) and the smallest retrieval errors ( Table 6 ).
The effect of look angle on the relationship between backscatter and stem volume was only apparent when comparing observations taken with a steep (21.5°) viewing geometry compared to a somewhat shallow (34.3° and 41.5°) look direction. For the latter, the sensitivity of the backscatter to stem volume was higher ( Figure 4 ) as a consequence of the longer path travelled by the microwaves through the canopy, which then also implied lower retrieval errors (Table 6) for the same set of environmental conditions and polarization. This result has implications for the suitability of the data acquired in full polarimetric mode (PLR) with step look angles (i.e., <25°). The retrieval of stem volume from backscatter measurements in the PLR21 and PLR23 modes was outperformed by data acquired in FBD (and/or FBS) mode because of the shallower look angle. Even the much larger number of stem volume estimates from the PLR mode compared to the FBD or FBS mode could not compensate in the multi-temporal combination for the intrinsic limitations of the viewing geometry used when acquiring in the PLR mode.
The retrieval of stem volume was undertaken with a fairly simple but well-known modeling approach. Yet, the results showed that there are some flaws both in the model and the model training, which ultimately caused some systematic under-or overestimation of stem volume. Although the model could fit the measurements of backscatter and stem volume reasonably well for any combination of look angle, polarization and environmental conditions, the match was not always perfect (Figure 4) . Given the large spread of the backscatter observations for a certain stem volume, part of the discrepancies between retrieved and in situ stem volumes could also be related to aspects not accounted for by the model. It is unclear whether such variability of the backscatter is a consequence of different forest structures or other aspects (terrain slope, soil conditions etc.). Assuming the parameter of the forest transmissivity term to be constant, the constant β = 0.006 did not seem to particularly affect the performance of the retrieval. For Remningstorp, the relative RMSE using β = 0.004 (i.e., increased transmissivity) was slightly better only in the case of winter data (32.7% vs. 35 .1% for the best result using β = 0.006). Hence, it is necessary to take into account that this parameter can be spatially and temporally variable, even in a broad sense (i.e., season-dependent, forest-type dependent). For this, an evaluation of multi-temporal ALOS PALSAR datasets over different forest environments would be needed. An evaluation of other model training approaches based on non-parametric methods [22, 27, 47] may be worth investigating in order to provide a more comprehensive overview of the limitations of the modeling solution adopted in this study.
Overall, the multi-temporal combination improved the stem volume retrieval with respect to an estimation based on a single image. Only when the multi-temporal dataset consisted of all-but-one images with poor retrieval results, was the multi-temporal estimate characterized by a larger RMSE compared to the best single-image retrieval. Our results suggest that estimates obtained from images with the weakest sensitivity of the backscatter to stem volume (i.e., largest RMSE) should rather be neglected for the multi-temporal combination to avoid deteriorating the final stem volume estimate. The best relative RMSEs (28.1%-44.0% depending on minimum stand size at Krycklan, 35.1% at Remningstorp) are well within the range of published stem volume/biomass estimation errors for retrieval based on L-band backscatter in boreal (25% [5] , 28% [6] , 41%-52% [23] , 63%-75% [19] ), hemi-boreal (28% [20] , 31%-46% [28] ), sub-tropical (61% [48] ), tropical savannas and woodland (48%-54% [18] , 43% [17] ) and tropical (20% [45] ).
Looking back at the ALOS PALSAR acquisition strategy and data availability [49] , the archives include the best possible datasets for the retrieval of stem volume in boreal forest. On the contrary, the retrieval in hemi-boreal forest, and in general in forest environments when the FBD data were acquired during periods of moist soils, may not perform equally well. Given the lack of similar analysis in other forest types, it is not possible to quantify the benefit of the multi-temporal observations in a more general sense. The ALOS-2 PALSAR-2 mission, started in May 2014, foresees the acquisition of dual-polarized HH and HV images during the winter season as well [49] with potential improvement of the retrieval outside of the boreal biome because of the often dry conditions. Yet it is unclear, how sensitive the HV-backscatter to stem volume is under frozen conditions given the weak attenuation of the L-band signal in the canopy and the negligible contribution of surface scattering to the cross-polarized backscatter. The increased bandwidth (28 MHz) for the dual-polarization mode shall also lead to improved estimation of stem volume given the finer scale at which data will be available. Some concern applies to the reduced availability of dense multi-temporal stacks of images, which might limit the exploitation of multi-temporal approaches to retrieve forest stem volume or above-ground biomass.
Multi-temporal observations are key to an improved stem volume retrieval accuracy with respect to a single-image retrieval, especially in the case of short wavelengths (X-and C-band) that are more affected by environmental conditions compared to L-and P-band. The major benefit of multi-temporal observations is the decrease of the retrieval error in stem volume/above-ground biomass ranges to which the sensitivity of the SAR backscatter is weak. While this approach is recommended for current spaceborne missions providing primarily data on SAR backscatter, it is likely that it will represent a simple complement in future missions specifically targeting the retrieval of forest variables (BIOMASS [50] , NISAR [51] , SAOCOM-CS [52] ). These will prefer acquisition strategies providing observables more closely related to forest structural parameters (e.g., SAR interferometry, SAR polarimetric interferometry and SAR tomography) while the SAR backscatter will be useful for additional information, such as forest detection and forest cover change mapping.
Conclusions
This study looked at six years of ALOS PALSAR backscatter data (2006-2011) at two forest test sites in Sweden (Krycklan and Remningstorp) with the aim of quantifying the capability of such observations to retrieve forest stem volume. The results confirmed the rapid increase of the SAR backscatter for increasing stem volume in sparse forest (up to approximately 100 m 3 /ha) followed by marginal increase in high density forest. The relationship between SAR backscatter and stem volume differed depending on look angle, polarization and environmental conditions. A straightforward modeling approach based on the Water Cloud Model with gaps was able to follow reasonably well the trend in the observations; nonetheless, the retrieval was affected by the simple formulation of the model and the model training. The best retrieval results (44.0% at Krycklan using only HV-polarized data acquired under unfrozen conditions with a look angle of 34.3°; 35.1% at Remningstorp using only HH-polarized data acquired under predominantly frozen conditions with a look angle of 34.3°) indicate a reasonable performance of ALOS PALSAR backscatter to retrieve stem volume at stand level; the smaller retrieval errors for larger stands (relative RMSE <30% for stands >20 ha at Krycklan) suggests that accurate stem volume estimates are feasible at moderate resolution (pixel size >300 m) by aggregating the SAR backscatter observations from the original spatial resolution (i.e., 20-30 m) at the level of a forest stand or a moderate resolution raster.
